Background-Primary
P rimary cardiac tumors are rare entities, occurring with a lifetime incidence of 0.0017% to 0.02%. 1 In fact, malignant tumors that metastasize to the heart are nearly 50 times more common than tumors originating from the heart. 2 Patients in the former group face a poor prognosis, and treatment is often not directed at cardiac involvement but rather on treating the origin of the cancer or providing palliative care. Comparatively, patients with primary cardiac tumors face an uncertain treatment strategy that ranges from conservative management to aggressive surgical intervention. Of those tumors that originate from the heart, approximately 75% are benign with nearly 50% of these being myxomas. 3 Other primary benign tumors include lipomas, fibromas, hemangiomas, teratomas, and rhabdomyomas, whereas primary malignant tumors of the heart are predominantly sarcomas. 4 Clinically, tumors of the heart cause symptoms by three mechanisms: intracardiac obstruction, systemic embolization of tumor fragments, or constitutional symptoms by unclear mechanisms. 5 Because of the rarity of primary tumor occurrence, diversity of histology, and anatomic origin, there are only small case series in the literature describing the epidemiology, presentation, and outcome after medical and surgical treatment. Furthermore, while resection for benign tumors appears to be curative, long-term survival after resection is poorly defined. The purpose of this analysis is to more clearly define the survival characteristics and prognostic indicators of long-term survival after resection of primary cardiac tumors.
suggestive of a cardiac tumor. Of these, 329 patients were diagnosed with a cardiac tumor that originated from the heart, 323 (98%) patients were treated surgically, and 6 (2%) were treated conservatively. Of the 323 patients included in this study, 94% (nϭ304) had benign tumors and 6% (nϭ19) had malignant tumors. Benign tumors included myxomas (nϭ163, 50%), papillary fibroelastomas (PFEs) (nϭ83, 26%), fibromas (nϭ18, 6%), lipomas (nϭ12, 4%), and other benign tumors which were grouped together to gain statistical power (nϭ28, 9%; calcified amorphous tumors [nϭ8], hemangiomas [nϭ7], teratomas [nϭ6], unilocular developmental cysts [nϭ5], and rhabdomyomas [nϭ2]). Malignant tumors (nϭ19) were also grouped together and included, leiomyosarcomas (nϭ8), angiosarcomas (nϭ6), malignant fibrohistiosarcomas (nϭ3), and rhabdomyosarcomas (nϭ2). The Mayo Foundation Institutional Review Board approved this study. The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Statistical Analysis
Demographic and other patient-related data were obtained from Mayo Clinic medical records. Follow-up information was obtained from subsequent clinic visits, written correspondence from local physicians, and questionnaires mailed to patients or families. The results were analyzed in multiple phases. Pearson's chi-squared tests were used to compare characteristics between categorical variables relating to presenting characteristics and operative data of specific tumor types/locations. Analysis of variance was used to compare characteristics between continuous variables relating to presenting characteristics and operative data of specific tumor types/locations. An automated backward logistic regression model was used to determine associations between cardiopulmonary bypass time (CPB) and operative factors. Primary end points were predefined and included death from any cause, tumor recurrence, and New York Heart Association Classification (NYHA) status at follow-up.
To analyze survival after surgical resection, a Cox proportional hazards model was initially used to compare the unadjusted hazard ratios between histological tumor variants. Using a baseline survival function estimate derived from the Kalbfleisch-Prentice estimator (pages 114 to 118 6 ), median survival was calculated for each histological type and adjusted for the year of surgery, age at surgery, and presence of coronary artery disease. The observed mortality rates between histological types were subsequently compared with expected mortality rates using the U.S. Census Bureau 2002 national life-tables by means of a 1-sample log-rank test 7 ; differences between an age-and gender-matched population was assessed by means of a standardized mortality ratio (SMR). 7 After adjusting for year of surgery, predefined demographic and clinical risk factors were entered into a Cox proportional hazards model to identify the most significant mortality risk factors. Model selection was performed using the approach described by Collett (pages 80 to 89 8 ) and is briefly described here. After univariate analysis for each predictor, those with a parameter probability value Ͻ0.15 were selected for initial entry into the multivariate model. After initial fitting, nonsignificant variables were eliminated using backward selection (PϽ0.1). Nonsignificant univariate predictors were subsequently tested using forward selection (Pϭ0.1), and all possible 2-way interactions were tested using forward selection (Pϭ0.1 for entering). Finally, all nonsignificant main effects (unless a component of an interaction term) and nonsignificant interactions were removed at a probability value Ͻ0.05. The proportional hazards assumption was evaluated for all significant predictors; for those assumptions that did not hold, interaction terms with follow-up time were evaluated to allow for hazard ratio variation. To assess the discriminatory ability of the final model, a Kaplan-Meier survival curve of patients in the 3 tertiles of the linear predictor was created. SAS version 9.1 (SAS Institute Inc) was used for statistical analysis.
Results
Overall, the mean age at tumor diagnosis was 54Ϯ19.5 years and females were disproportionately affected (61%, nϭ196,
PϽ0.0001).
The most common presenting complaints were dyspnea (nϭ136, 42%), acute embolic event (nϭ80, 25%), and chest pain (nϭ73, 22%); approximately 64% (nϭ207) of patients presented in NYHA III/IV. Cardiovascular risk factors included hypertension in 32% (nϭ103), history of coronary artery disease in 18% (nϭ58), diabetes mellitus in 9% (nϭ30), and hypertrophic obstructive cardiomyopathy (HOCM) in 4% (nϭ13).
Presenting characteristics of patients categorized by tumor histology are shown in Table 1 . There was significant variation in age at diagnosis between different tumor types; fibromas were diagnosed in a younger cohort of patients compared to other histological variants. Cardiovascular risk factors were similar between the different tumor types; however, patients with fibromas had a lower incidence of hypertension. There was a high incidence of HOCM in patients with PFEs. Functional status at the time of presentation also differed significantly among the different histological tumor types; patients with fibromas had greater cardiovascular functional capacity (NYHA I), however these patients also presented with a higher incidence of palpitations and documented ventricular arrhythmias. Constitutional symptomatology was the most common presenting complaint in patients with malignant tumors; a presenting characteristic that was uncommon with other tumor variants.
Diagnosis
The majority of patients were diagnosed with echocardiography (nϭ278, 86%), however, angiography (nϭ33, 10%), cardiac MRI (nϭ9, 3%), and computed tomography (nϭ9, 3%) were also used. Tumor and hemodynamic characteristics (compiled from all diagnostic modalities) are shown in Table  2 . There was significant variation in tumor histology by tumor location. Specifically, left and right atrial tumors were primarily myxomas, whereas valvular tumors were predominantly papillary fibroelastomas. There was a relatively equal distribution of the various histological subtypes of ventricular tumors; however, cardiac fibromas occurred exclusively in the ventricle. Additionally, primary tumors of the great arteries were predominantly malignant. There was a higher incidence of mitral regurgitation in patients with left atrial and aortic valve tumors; however, it should be noted that 10 of 12 (83%) patients with aortic valve tumors and mitral regurgitation also had HOCM and experienced regurgitation secondary to systolic anterior motion of the mitral valve. Mitral and tricuspid stenosis secondary to tumor prolapse was relatively common in patients with left and right atrial tumors, respectively, whereas pulmonary regurgitation was a common consequence of right ventricular tumors. Table 3 details operative characteristics by tumor location. There was no significant difference in cardiopulmonary bypass (CPB) time, cross-clamp time, or CPB temperature by tumor location. After adjusting for year of surgery, a multivariate linear regression model indicated that CPB time was significantly longer in patients with fibromas (␤ϭ58.25, Pϭ0.008), those who underwent aortic valve repair/replacements (␤ϭ14.32, Pϭ0.04), and those who underwent tricus-pid valve repair/replacements (␤ϭ18.84, Pϭ0.04). Approach to tumor resection varied according to tumor location. The majority of atrial, mitral valve, and tricuspid valve tumors were resected by a single atrial approach, whereas aortic valve tumors were commonly resected via aortotomy. Ventricular tumors demonstrated the greatest variety of resection techniques; approximately one third were resected by ventriculotomy; however, other techniques such as extracardiac resection, atrial, and aortic approaches were also used. The majority of tumors were resected with negative margins, however tumors originating from the great arteries often underwent debulking as a consequence of their malignant histology. Cardiac reconstruction with prosthetic material was commonly performed after atrial tumor resection. Conversely, ventricular reconstruction with prosthetic material was uncommon; only 1 patient required septal closure with a prosthetic patch. Although the rate of concomitant coronary artery bypass grafting procedures was relatively constant between tumor locations, septal myectomy was performed at a high rate in patients with aortic tumors (all PFEs with HOCM). Valve procedures also varied according to tumor location; mitral valve repair and replacements were the most commonly performed procedures, and tumors that originated from the mitral valve frequently required mitral repair. Of note, there was a low incidence of valve replacement in patients with valve tumors.
Surgical Approach and Resection
The incidence of postoperative complication was 7.4% (nϭ24), and included bleeding requiring reoperation, renal insufficiency requiring dialysis, pulmonary embolism, pneumonia, pulmonary effusion, respiratory insufficiency, and sternal wound infections. Operative (30 day) mortality was 2% (nϭ6). After discharge, all patients with a diagnosis of a malignant tumor underwent at least 1 round of adjuvant chemotherapy, the most common regimen being ifosamide, adrianmycin, and granulocyte-colony stimulating factor; radiation was not used in any cases.
Survival Analysis
Follow-up was obtained in 89% of patients at a mean of 6.16Ϯ6.88 years and extended up to 38 years. Univariate analysis of the different histological subtypes of tumors derived from the Kalbfleisch-Prentice estimator (Table 4 , Figure 1 ) revealed that patients with PFEs, other benign tumors, and malignant tumors had poorer long-term survival when compared to patients who underwent myxoma resection. After adjusting for age at surgery, year of surgery, and other cardiovascular risk factors, patients who underwent resection of PFEs, lipomas, and malignant tumors had significantly poorer survival characteristics (Table 1 ) when compared to patients with myxomas. Of note, while it was determined a priori to force year of surgery in the model, this variable did not appear to be an effect on survival (HR 2.55, Pϭ0.11). 
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U.S. Population survival data from the 2002 Census Bureau was subsequently used to compare tumor histology survival characteristics with an age and gender matched population. Comparisons were made by means of standardized mortality ratio, which provides an estimation of survivorship between a specified group of patients and the standard population; statistical significance was determined by a 1-sample log rank test as previously described. 7 Patients with cardiac myxomas did not have survival characteristics that were significantly different from an age and gender matched population (SMR 1.11, 95% CI 0.73 to 1.71, Pϭ0.57) whereas patients with PFEs had poorer survival characteristics with a 10-year survival rate of 61% compared to an expected survival of 81% (SMR 3.17, 95% CI 1.53 to 6.59, Pϭ0.0003). Furthermore, while patients who underwent fibroma resection did not have survival characteristics different from those with myxoma resection, survival was worse when compared to an age-and gender-matched population with a corresponding 10-year survival rate of 75% compared to an expected survival of 98% (SMR 11.17 
Multivariate Analysis
A multivariate model was created, however evaluation of the proportional hazards assumption for all significant predictors led to the inclusion of a CPB time and follow-up time interaction term and a NYHA and follow-up time interaction term. As such, Table 5 illustrates the final multivariate model which had excellent discriminating ability (PϽ0.0001) as demonstrated in Figure 2 . The strongest predictors of survival were related to tumor histology: malignant and other benign tumors. The effect of malignant tumors interacted with age, suggesting that malignant tumors occurring in younger patients had a poorer prognosis than those which occurred in an older demographic. NYHA functional classification III/IV at presentation was also found to be a strong predictor of death (HR 5.56, PϽ0.0001). Additionally, the interaction term of NYHA III/IV*follow-up time was also found to be significant in our study (HR 0.883, PϽ0.0001) indicating that the effect of being highly symptomatic at presentation on the hazard of death declines as time increases. Similarly, the effect of prolonged CPB on the hazard of death decreased as follow-up time increased (HR 0.996, PϽ0.0001).
The incidence of tumor recurrence by tumor histology (myxoma versus other) is shown in Figure 3 ; the cumulative incidence of myxoma tumor recurrence was 13% and increased steadily up to 4 years after which there was a low hazard of tumor recurrence. There was no association between the method of surgical excision and the incidence of tumor recurrence, however patients who experienced a myxoma recurrence were younger than those who did not (42 years versus 57 years, Pϭ0.003). The site of recurrence was at the location of the original tumor in 81% of cases. Analysis of NYHA functional classification (dichotomized into NYHA I/II versus III/IV) at follow-up revealed a significant logistic regression model; patients who presented with aortic stenosis (OR 21, Pϭ0.001) and those that experienced a cardiac tumor recurrence (OR 7.41, Pϭ0.007) were most likely to be severely symptomatic at follow-up in comparison to the remainder of the cohort. 
Discussion
Primary cardiac tumors are rare, making it difficult to design studies that effectively characterize the impact on survival after surgical resection. Thus, while the first report of a primary cardiac tumor was made in 1845 9 and the first successful surgical resection performed in 1955, 10 this is the first study to comprehensively examine the long-term survival characteristics of patients who undergo surgical resection for primary cardiac tumors. While some of the earliest surgical series have described patients who underwent car- 
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diac myxoma resection as having exceptional long-term survival characteristics, 11 this is the first study to document that these patients do not have survival characteristics that differ from an age-and gender-matched population. Comparatively, our analysis of survival after malignant tumor resection reaffirmed the dismal survival characteristics that have been previously reported. Furthermore, it is clear from this analysis that malignant tumors occurring in younger patients are more aggressive and associated with a particularly poor prognosis. Interestingly, other benign tumors, which represent a grouping of four exceptionally rare tumors, had an unexpectedly poor survival; a finding that may be attributable to the complexity of these tumors and the population in which they occur. After adjusting for these tumor types, predictors of mortality were found to be the duration of CPB time and NYHA III/IV at presentation-both of these hazards on mortality diminished with time. We identified preoperative (NYHA) and operative (CPB time) risk factors that varied with time. Preoperative NYHA functional classification has been implicated as a predictor of survival in many types of cardiac surgery. 12 Although not surprising that this finding remains true in tumor resection, as time after surgery increases, the disparity between the survival characteristics of those who were severely symptomatic and those who were minimally symptomatic diminishes, suggesting that surgical resection of cardiac tumors can have a dramatic effect on survival despite seemingly high preoperative risk classification. CPB time in this analysis was associated with concurrent cardiac procedures (ie, valve replacements) and complex tumors (ie, fibromas), however, also demonstrated a similar effect; the hazard of prolonged CPB time on mortality decreased over time when adjusting for the other significant predictors of morality. In sum, although histology is the greatest predictor of survival, we believe these findings to indicate that many cardiac tumors represent a reversible cause of heart failure, and despite the extent of surgery required for resection or severe symptomatology before surgery, many patients who are otherwise characterized as high risk are likely to enjoy long-term survival if treated surgically.
The findings reported here also indicate that certain measures may be used to improve diagnosis and expedite surgical management. PFEs are the most underdiagnosed cardiac tumor and may be the most common. 13 Despite the increasing use of echocardiography for the diagnosis of intracardiac masses, PFEs are often not suspected because of their minimal effect on both symptomatology and hemodynamics. In a recent study from our institution, 14 47% of all patients with papillary fibroelastomas were diagnosed incidentally. The strong association with HOCM as well as surgical, radiation, or hemodynamic trauma [15] [16] [17] provide compelling evidence that patients with primary cardiovascular disease be monitored regularly with echocardiography in an effort to identify tumors early. It is important to emphasize that these confounding concurrent cardiac risk factors are likely to be more causally associated with the long-term survival de- scribed here than the PFE and subsequent surgical resection. However, the potential for significant morbidity if resection is not pursued should not be underestimated; a high rate of thromboembolism has been described, 14 and as such, the presence of such tumors should encourage immediate surgical treatment.
Gerbode 18 described the first cardiac tumor recurrence. Since then, there have been a number of reports describing patients with multiple recurrences 19, 20 occurring predominately in patients with myxomas. Whereas the risk of myxoma recurrence has been approximated to be 3% for sporadic tumors and 22% for familial myxomas, 21 we present an overall rate of myxoma recurrence to be 13%. There have been many hypotheses on the cause of recurrence, including multifocality, intraoperative seeding, and malignancy transformation 21, 22 ; however, there continues to be uncertainty regarding the etiology. We provide evidence that myxoma recurrence is highly associated with younger patients and not 
ElBardissi et al Survival After Resection of Primary Cardiac Tumors S13
associated with the method of surgical excision. As such, tumor recurrence may be attribtuable to a patient's biological propensity rather than the method of surgical excision, despite tumor recurrence frequently occurring at the site of previous tumor resection. Consequently, it is important for the necessary postoperative screening to occur. The hazard of myxoma recurrence increases linearly for the first 4 years after tumor resection, after which the risk of recurrence is quite low; a pattern of myxoma recurrence that has been previously described with few patients experiencing a recurrence at greater than 4 years after resection. 23 Based on this finding, all patients (especially younger patients) who undergo tumor resection should be followed closely with echocardiography semiannually for the 4 years after resection with the site of previous tumor resection closely monitored.
Other tumors that recurred were predominantly malignant, however, also included patients with PFEs. Our approach to malignant tumor resection is conservative and consists of debulking without extensive cardiac resection. Despite aggressive adjuvant chemotherapy after resection, the median survival of patients with malignant tumors was less than 1 year. This finding is consistent with previous studies that documented survivals of 16.5 months 24 and 9.6 months. 25 Indeed, our multivariate model indicates malignant tumor histology is the most significant clinical predictor of mortality; however, we have also identified that younger patients tend to have particularly aggressive tumors. While some have advocated for highly aggressive surgical resection including cardiomyoplasty 26 and autotransplantation, 27 it is unclear whether either of these approaches result in superior survival outcomes. It is currently our clinical practice to pursue surgical resection when there is a likelihood of complete resection or if patients are severely symptomatic. The treatment algorithm for patients with malignant cardiac tumors is poorly defined. While there are promising clinical trials of chemotherapeutic regimens for sarcoma treatment, 28 -30 there continues to be no standard of care. As such, malignant primary cardiac tumors present the greatest clinical challenge to surgeons and must be evaluated on a case by case basis.
Limitations
We present the findings of a retrospective study of patients that underwent surgical resection of primary cardiac tumors spanning a 48-year time period. The limitations of retrospective cohort studies apply, especially when considering the time span of this study. Although we attempted to account for surgical era by forcing year of surgery into our prediction model, a significant limitation of this study is a failure to adequately compensate for improvements appreciated after surgical resection in later time periods as the result of improved diagnosis and surgical techniques. Additionally, as a result of the large time span of this study, we chose to use the 2002 U.S. census survival data which may have overestimated the risk of mortality after tumor resection since the median date of surgery was 1996. A major limitation in the interpretation of this data are the survival characteristics of patients who underwent resection of "other benign tumors". These tumors represent a conglomeration of tumor types that were grouped to gain statistical power. Unfortunately, there are most likely to be other confounders that impact survival which our study is not designed to detect. Thus it is important to note that these results only describe the association with long-term survival rather than causation. Despite these limitations, we believe this study provides insight into the natural history of cardiac tumor disease while highlighting the predictors of long-term outcome after surgical resection.
Conclusions
Cardiac tumors can be resected with minimal morbidity and mortality. The strongest predictors of mortality are closely linked to tumor histology, but also include clinical characteristics such as symptomatology and duration CPB time. Patients with cardiac myxomas, the most common cardiac tumor, enjoy survival that is not significantly different than that of a standard population; however, after resection, patients with myxomas should be closely followed with echocardiograms for a minimum of 4 years to evaluate for tumor recurrence; particularly in younger patients. Whereas the majority of benign tumors enjoy excellent survival, patients with malignant tumors have a dismal prognosis and younger patients with malignant tumors have particularly poor survival characteristics.
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